The rat TRPV1 is activated by allicin reacting with the cisteine at position 157 generating calcium entry into cells. C157 is located in the N-terminal Ankyrin Repeat Domain (ARD). The ARD crystallographic structure showed a hidden C157, but reactivity of this supposes an alternative conformation were C157 is more accessible. The conformational changes of the TRPV1 structure after the modification with allicin are not known. In this study we used the wild type TRPV1 ARD to investigate the reaction of allicin with the ARD using circular dichroism, fluorescence spectroscopy and molecular modeling to assess the reaction rate and the degree of perturbation to the ARD structure. Our findings show that pure allicin in complex with ARD gives a reaction that showed changes into the far-UV circular dichroism spectra. Mainly the peak at 190 nm shows an increment, presumably due to an increment in alpha helical content after covalent modification of C157. Fluorescence spectra showed a shifted signal from tryptophane 272 from 332 nm to 339 nm, suggesting a conformational change that exposed W272. Accessible surface area analysis of C157 in crystallographic ARD showed a hidden cysteine into the second motif of the ARD. We used molecular dynamics of the ARD in solution to look for a conformation with an accessible path for allicin. . Although the majority of PI(4,5)P 2 -regulated ion channels are activated by this phosphoinositide, TRPV1 was initially suggested to experience inhibition. Data from cellular systems support the idea that TRPV1 activity depends on the presence of phosphoinositides in the membrane. The purified TRPV1, on the other hand, was recently shown to be fully functional in artificial liposomes in the absence of phosphoinositides. We expressed the rat TRPV1 channel in Xenopus oocytes and performed patch-clamp experiments in the excised inside-out configuration. We found that in addition to PI(4,5)P 2 , several other negatively charged phospholipids, including phosphatidylglycerol, could also support TRPV1 activity in excised patches. When we incorporated TRPV1 into planar lipid bilayers consisting of neutral lipids, capsaicin-induced activity depended on PI(4,5)P 2 . We also found that TRPV1 activity in excised patches ran down upon excision and that perfusing the patch with MgATP restored channel activity. Inhibition of phosphatidylinositol 4-Kinases or enzymatic removal of phosphatidylinositol abolished this effect, suggesting that MgATP activated TRPV1 by generating endogenous phosphoinositides. We conclude that endogenous phosphoinositides are positive cofactors for TRPV1 activity. Our data highlight the importance of specificity in lipid regulation of ion channels, and may reconcile discordant data obtained in various experimental settings. GIST, Gwangju, Korea, Republic of. Venom from poisonous organisms is a rich source of peptide toxins interacting with different ion channels proteins. These peptide toxins modulate ion channels by different mechanisms, and have been widely used as tools for investigating ion channel mechanisms. Double-knot toxin (DkTx) is a novel peptide toxin that activates TRPV1 channels, and contains two inhibitory cysteine knot (ICK) motifs, as its name suggests. Previous studies show that DkTx activates TRPV1 channels, and suggest that the avidity of the toxin (slow unbinding) arises from its bivalent nature. Here we use solidphase peptide synthesis to individually produce the two knots of DkTx (K1 and K2), fold each in vitro, and find that they exhibit different binding affinities for the channel even though they share high sequence homology. As a first step toward understanding the structural and functional relationship of DkTx binding to TRPV1 channels, we determined solution structures of each knot in using NMR. The structures show that DkTx is composed of two notably amphipathic ICK motifs (each with two beta-strands) that are connected by a flexible linker, and that K2 has a larger hydrophobic surface compared to K1. In addition, the single conserved Trp residue in each knot show different orientations, with that in K1 exhibiting greater solvent exposure. Interestingly, using intrinsic Trp fluorescence, we observe strong partitioning of DkTx and K1, but see no evidence of membrane partitioning for K2. We also made a series of K1/K2 chimeras, and identified variant residues in two loops and the C-terminus that are responsible for the higher activity of K2. From these results we propose that membrane interactions are involved in the mechanisms of DkTx activation of TRPV1, and identify surfaces of the two knots that likely involved in binding to the channel.
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Rutgers -New Jersey Medical School, Newark, NJ, USA, 2 University of Illinois College of Medicine, Peoria, IL, USA. The capsaicin receptor Transient Receptor Potential Vanilloid 1 (TRPV1) is a polymodal, Ca 2þ -permeable ion channel essential for nociception. Like most members of the TRP family, it is known to be regulated by phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ]. Although the majority of PI(4,5)P 2 -regulated ion channels are activated by this phosphoinositide, TRPV1 was initially suggested to experience inhibition. Data from cellular systems support the idea that TRPV1 activity depends on the presence of phosphoinositides in the membrane. The purified TRPV1, on the other hand, was recently shown to be fully functional in artificial liposomes in the absence of phosphoinositides. We expressed the rat TRPV1 channel in Xenopus oocytes and performed patch-clamp experiments in the excised inside-out configuration. We found that in addition to PI(4,5)P 2 , several other negatively charged phospholipids, including phosphatidylglycerol, could also support TRPV1 activity in excised patches. When we incorporated TRPV1 into planar lipid bilayers consisting of neutral lipids, capsaicin-induced activity depended on PI(4,5)P 2 . We also found that TRPV1 activity in excised patches ran down upon excision and that perfusing the patch with MgATP restored channel activity. Inhibition of phosphatidylinositol 4-Kinases or enzymatic removal of phosphatidylinositol abolished this effect, suggesting that MgATP activated TRPV1 by generating endogenous phosphoinositides. We conclude that endogenous phosphoinositides are positive cofactors for TRPV1 activity. Our data highlight the importance of specificity in lipid regulation of ion channels, and may reconcile discordant data obtained in various experimental settings. GIST, Gwangju, Korea, Republic of. Venom from poisonous organisms is a rich source of peptide toxins interacting with different ion channels proteins. These peptide toxins modulate ion channels by different mechanisms, and have been widely used as tools for investigating ion channel mechanisms. Double-knot toxin (DkTx) is a novel peptide toxin that activates TRPV1 channels, and contains two inhibitory cysteine knot (ICK) motifs, as its name suggests. Previous studies show that DkTx activates TRPV1 channels, and suggest that the avidity of the toxin (slow unbinding) arises from its bivalent nature. Here we use solidphase peptide synthesis to individually produce the two knots of DkTx (K1 and K2), fold each in vitro, and find that they exhibit different binding affinities for the channel even though they share high sequence homology. As a first step toward understanding the structural and functional relationship of DkTx binding to TRPV1 channels, we determined solution structures of each knot in using NMR. The structures show that DkTx is composed of two notably amphipathic ICK motifs (each with two beta-strands) that are connected by a flexible linker, and that K2 has a larger hydrophobic surface compared to K1. In addition, the single conserved Trp residue in each knot show different orientations, with that in K1 exhibiting greater solvent exposure. Interestingly, using intrinsic Trp fluorescence, we observe strong partitioning of DkTx and K1, but see no evidence of membrane partitioning for K2. We also made a series of K1/K2 chimeras, and identified variant residues in two loops and the C-terminus that are responsible for the higher activity of K2. From these results we propose that membrane interactions are involved in the mechanisms of DkTx activation of TRPV1, and identify surfaces of the two knots that likely involved in binding to the channel. 2 Librede Inc, Los Angeles, CA, USA. TRPV1 measured in lipid bilayers The TRPV1 ion channel is a member of the transient receptor potential ion channel family which is known to respond to temperature, voltage and certain chemicals such as capsaicin. We have engineered a HEK cell line expressing FLAG-tagged TRPV1. Cellular measurements of expressed TRPV1 with capsaicin resulted in dose dependent activation with an IC50 of approximately 10 nM. Reconstitution of purified TRPV1 and membrane preparations containing TRPV1 in lipid bilayers resulted in conductance measurements of single and multiple channels. We present bilayer measurements of TRPV1 conductance as a function of voltage, temperature, and presence of agonist and antagonist chemicals.
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Structural Insight into the Assembly of TRPV Channels Kevin Huynh, Matthew Cohen, Sudha Chakrapani, Heather Holdaway, Phoebe Stewart, Vera Moiseenkova-Bell. Case Western Reserve University, Cleveland, OH, USA. Transient receptor potential (TRP) proteins are a large family of polymodal non-selective cation channels. The TRP vanilloid (TRPV) subfamily consists of six homologous members with diverse functions: TRPV1-4 are nonselective cation channels proposed to play a role in nociception, while TRPV5 and TRPV6 are involved in epithelial Ca 2þ homeostasis. Here we present the cryo-electron microscopy (EM) structure of functional, fulllength TRPV2 at 13.6 Å resolution. The map reveals that the TRPV2 cytoplasmic domain displays a four-fold petal-like shape in which highresolution N-terminal ankyrin repeat domain (ARD) structures can be unambiguously fitted. Fitting of the available ARD structures for other TRPV subfamily members into the TRPV2 EM map suggests that TRPV subfamily members have highly homologous structural topologies. These new results allowed us to postulate a structural explanation for the functional diversity amongst TRPV channels and their differential regulation by proteins and ligands.
Cyclic Nucleotide-gated Channels 3830-Pos Board B558 State Dependent and Site Directed Photodynamic Transformation of HCN2 Channel by Singlet Oxygen Weihua Gao, Zhuocheng Su, Qinglian Liu, Lei Zhou. Virginia Commonwealth University, Richmond, VA, USA. Singlet oxygen (1O2) is a little known signaling factor but a useful tool for both basic research and clinical practice. 1O2 is the central player in the Chromophore Assisted Light Inactivation (CALI) for ablating the function of protein molecules or cells and the Photodynamic therapy (PDT) for treating cancer and other diseases. However, most of the studies on 1O2 have been carried out at cell and tissue levels and yielded little information about 1O2 modification at molecular level. Here we report that the hyperpolarizationactivated cAMP-gated (HCN) channels are sensitive to 1O2 modification. To increase the site-specificity of 1O2 generation, fluorescein conjugated cAMP (FITC-cAMP) that specifically binds to the HCN channels or inframe inserted singlet-oxygen-generator (SOG) protein was used as photosensitizer. Laser pulses in milliseconds transformed the channel biophysics by slowing down the channel deactivation and increasing the voltageinsensitive component in the macroscopic current. The dependence on dissolved oxygen in the solutions, the inhibitory effect by a 1O2 scavenger and the results with HCN2-SOG fusion protein supported the involvement of 1O2. Intriguingly, 1O2 modification of HCN2 channel was statedependent and had distinct effects on the open and closed channels. Following this insight, we located a critical Histidine residue (H434) near the activation gate in the pore. Alanine replacement of H434 abolished the delay in channel deactivation and the generation of Iins by the photodynamic modification. This study provides insights into the instantaneous current conducted by HCN channel and establishes a well-defined model for studying 1O2 modification of ion channel proteins. Molecule oxygen has three electronic configurations, the triplet ground state, the first and the second singlet excited states. Singlet oxygen (1O2) is highly reactive and oxidizes a wide range of biomolecules including DNA and protein.
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Because of the short life time in microseconds and the short working distance in nanometers, 1O2 eliminates the function of specific protein molecules at high temporal and spatial precisions and thus holds the potential as an effective photonics tool to probe protein dynamics. Recently we discovered that HCN channels are sensitive to the modification by the singlet oxygen (1O2) generated through photosensitization processes. 1O2 modification slows down the channel deactivation and enhances the expression of the voltage-insensitive instantaneous current (Iins). A histidine residue located in the pore of the HCN channel, H434, was found to be critical. The alanine replacement mutation, H434A, abolished the above effects so that 1O2 modification does not prolong the channel deactivation nor enhance the Iins. However, the reduction in Ih amplitude in H434A mutant channel becomes more significant than that in WT channel. After five short laser pulses, the amplitude of the Ih current was reduced to 76.9 5 1.7 % of the control level in the WT channel but to 43.4 5 2.4 % in the H434A mutant channel. This result suggests that H434 is the major target of 1O2 modification and consumes the majority of the 1O2 generated through the photosensitization process. In the H434A mutant channel, other parts of the channel reacts with the 1O2 that becomes transiently more abundant and the modification leads to the reduction in Ih amplitude. Possibly, 1O2 modification of protein molecules is not a process of random modifications but distinctly targets certain conformational and functional states.
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Different Effects of Alkaline Phosphatase on HCN4 Channels in CHO Versus HEK Cells Julie Juchno, Joshua R. St Clair, Cathy Proenza. University of Colorado, Aurora, CO, USA. Hyperpolarization-activated, cyclic nucleotide-sensitive type 4 (HCN4) channels are regulated by cAMP, which can bind directly to a conserved cyclic nucleotide binding domain (CNBD) in the C-terminus. We previously found that the response of HCN4 channels to cAMP depends on the cellular context: cAMP binding to the CNBD shifts the midpoint activation voltage (V 1/2 ) to more depolarized potentials when HCN4 is expressed in HEK cells, whereas cAMP has no effect on the V 1/2 when HCN4 is expressed in CHO cells because the channels are already "pre-activated," with a depolarized V 1/2 in the absence of cAMP (Liao et al., 2012 J Gen Physiol 140 (5):557). Here we have tested the hypothesis that differential phosphorylation may underlie the differences in HCN4 behavior in CHO versus HEK cells. We found that while alkaline phosphatase (AlkPhos) restored the hyperpolarized basal V 1/2 of HCN4 in CHO cells, it did not restore the cAMP sensitivity of the channels. Quite different results were obtained in HEK cells, in which AlkPhos had little or no effect on the V 1/2 of HCN4 in the absence of cAMP but, remarkably, was found to significantly reduce the shift in V 1/2 in response to cAMP. These results indicate that dual regulation of HCN4 channels by cAMP and phosphorylation is complex and is sensitive to cellular context. And, phosphorylation alone is insufficient to account for the different behaviors of HCN4 channels in CHO versus HEK cells.
3833-Pos Board B561
The Auxiliary Subunit TRIP8B Inhibits the Binding of CAMP to HCN2 Channels Through an Allosteric Mechanism Andrea C. Saponaro 1 , Manolis Matzapetakis 2 , Bina Santoro 3 , Sofia R. Pauleta 4 , Anna Moroni 1 . TCF, New University of Lisbon, Lisbon, Portugal. In neurons, hyperpolarization-activated cyclic nucleotide-regulated (HCN1-4) channels are the molecular determinants of the Ih current that controls cell excitability and rhythmicity [1] . HCN channels are activated by membrane hyperpolarization and directly regulated by cAMP binding to the cyclic nucleotide binding domain (CNBD) [2] . HCN channels are further regulated by their association with an auxiliary protein, TRIP8b, which binds to the CNBD and opposes cAMP regulation [3] . We asked if the effect of TRIP8b could be attributed to a direct competition with cAMP. To this end, using NMR methodologies, we determined the 3D structure of the human HCN2 CNBD in the cAMP-unbound form and subsequently mapped onto it the TRIP8b binding site. Our results show that cAMP and TRIP8b do not directly compete for binding to the same residues, and support an allosteric inhibition model for the dual regulation of HCN channels by cAMP and TRIP8b. Using an engineered cyclic nucleotide-gated (CNG) channel mimic based on the bacterial non-selective NaK channel, we examined how different ionic species interact with the pore by means of electrophysiology, all-atoms molecular dynamics simulations and X-ray crystallography. Difference and anomalous difference electron-density maps of highresolution crystal structures (up to 1.85Å ) obtained after soaking with different ionic species (Liþ, Na
shows the presence of different peaks inside the pore. Depending on these ionic species Glu66 and Thr67, located at the extracellular entrance of the selectivity filter, adopt different rotameric states. In the presence of Methylammonium, Glu66 points towards Tyr55 of the same subunit, while in the presence of Na þ , Glu66 forms H-bonds with Thr67 and Thr60 of a neighboring subunit (Derebe et al, 2011, PNAS) . Moreover, large-scale molecular dynamics simulations in a hydrated lipid bilayer at 0 mV indicates that Glu66 and Thr67 side chains are capable of large structural fluctuations which are modulated by the nature of the ion residing in the pore. In particular, in presence of Rbþ and Csþ Glu66 explores at least three different conformations, characterized by a significantly different distribution of the local charge. Single channel recordings from this chimeric ionic channel in symmetrical Rbþ and Csþ conditions show a strong voltage dependency similar to what observed in the native CNGA1 channel (Marchesi et al, 2012, Nat. Communications) . These results indicate that membrane voltage catalyzes a conformational change of these residues, especially of Glu66, perturbing the hydrogen bonding network behind the selectivity filter. Non-selective ionic permeation emerges as a robust feature of an intrinsic flexible pore and is a key microscopic factor controlling ionic selectivity in CNG and possibly in other non-selective channels.
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Architecture of the HCN Selectivity Filter and Control of Cation Permeation Vincenzo Macri, Damiano Angoli, Eric Accili. UBC, Vancouver, BC, Canada. Hyperpolarization-activated Cyclic Nucleotide-modulated (HCN) channels are similar in structure and function to voltage-gated potassium channels. Sequence similarity and functional analyses suggest that the HCN pore is potassium channel-like, consisting of a selectivity filter and an activation gate at the outer and inner ends, respectively. In GYG-containing potassium channels, the selectivity filter sequence is 'T/S-V/I/L/T-GYG', forming a row of four binding sites through which potassium ions flow. In HCNs, the equivalent residues are 'C-I-GYG', but whether they also form four cation binding sites is not known. Here, we focus on the anomalous filter residue of HCNs, the cysteine located at the inner side of the selectivity filter. In potassium channels, this position is occupied by threonine or serine and forms the fourth and most internal ion binding site of the selectivity filter. We find that this cysteine in HCNs does not contribute to permeation or form a fourth binding site. 
